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Inflation may provide a suitable collider to probe physics at very high energies. In this paper
we investigate the impact on the CMB bispectrum of higher spin fields which are long-lived on
super-Hubble scales, e.g. partially massless higher spin fields. We show that distinctive statis-
tical anisotropic signals on the CMB three-point correlator are induced and we investigate their
detectability.
I. INTRODUCTION
Inflation [1] offers the best paradigm explaining the
dynamics of the early universe and a plethora of cos-
mological observations performed to date. In particu-
lar, it provides a mechanism to generate the cosmolog-
ical perturbations responsible for the cosmic microwave
background (CMB) anisotropies we observe today. The
particle content of minimal inflationary models is com-
posed by the gravitational degrees of freedom (d.o.f.) and
a slow-rolling scalar field φ causing the accelerated ex-
pansion. The cosmological perturbations are then inter-
preted as quantum fluctuations of the inflaton field which
are stretched to super-Hubble scales. In multi-field mod-
els of inflation it is assumed that an higher number of
fields are responsible both for the dynamics of the in-
flationary Friedmann-Lemaˆıtre-Robertson-Walker back-
ground as well as the features of the cosmological per-
turbations. Indeed, constraining even further the infla-
tionary epoch and determining the particle content of the
early universe which could have left specific signatures in
the primordial curvature perturbations is undoubtedly
one of the main challenges of modern cosmology.
One way to pursue this task is presented by the possi-
ble detection of primordial non-Gaussianity (NG). At this
point, NG has been extensively studied (for a review see
Refs. [2, 3]) and constrained by the latest observations
[4, 5]. At the same time, the presence of anisotropies
and/or inhomogeneities could modify NG by providing,
in turn, possible signatures of extra d.o.f. present dur-
ing the inflationary stage. In other words, there could
be, for example, peculiar signatures on NG that would
not be produced by inflaton self-interactions but which
were due to new d.o.f. dynamically excited during the
inflationary era.
From a particle physics perspective, since the inflation-
ary epoch is characterized by typical energies much larger
than the electroweak scale which experiments at colliders
have been able to reach so far, it provides the best play-
ground to test physics at high energies [6–8]. In general,
it is interesting to investigate how any supposed new par-
ticle content could have left imprints on the cosmological
observables. In particular, one can find a review of the
effects of extra light scalar fields on NG in Ref. [9] while
other cases were studied where scalar fields with masses
larger than the Hubble scale (m ≥ H) were still being dy-
namically excited during inflation (e.g. quasi-single fields
models [6, 7, 10–13]). Furthermore, it was shown [14–16]
that a vector field, whose interactions are described by
a coupling term of the form I(φ)F 2 in the action, gives
rise to a non-trivial angular dependence of the curvature
bispectrum, see also Ref. [17]. Analogous angular struc-
tures can be found in solid inflation models [18] as well as
models with primordial magnetic fields [19, 20]. Finally,
it was suggested that correlators of comoving curvature
perturbations could inherit NG features due to interac-
tions of massive higher spin particles [8, 21–23].
There is a particularly interesting perspective of un-
der which one can characterize the possible effects of
higher spin field on cosmological correlators. This
is provided by the so called dS/CFT3 correspondence
[24]. It is widely accepted that inflation can be de-
scribed as a phase of (quasi-)de Sitter spacetime. Dur-
ing this period, the isometries of spacetime form an
(approximate) SO(4,1) group which can be identified
with the conformal group of a CFT3 acting on pertur-
bations extending on scales larger than the Hubble ra-
dius. The higher spin field evolution can be written
as Ai1···is(~x, τ) = (−τ)∆−sAi1···is(~x) with ∆ = 3/2 −√
(s− 1/2)2 −m2/H2 when the conformal time τ goes
to zero, i.e. on the boundary of dS. Using the isometries
of the de Sitter spacetime it is possible to show that the
masses and the spins of the higher spin fields must be
related through what is called the Higuchi bound [25]
m2 > s(s− 1)H2, (1)
in order to comply to the unitarity bounds. This requires
∆ > 1 and therefore the typical amplitudes of the higher
spin fluctuations must decay faster than e−Ht on super-
Hubble scales [8, 26, 27], suppressing their contribution
to the bispectrum.
The technical difficulty in generating long-lived spin-
s perturbations can be overcome in two possible ways:
one is provided by the introduction of an apposite cou-
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2FIG. 1. A schematic view of various realizations of the first N − Nk e-folds of inflation where each of the unsuppressed IR
super-Hubble higher spin modes AIRµ1···µs behaves as non-trivial background. The cosmological correlators are sensitive to the
value the IR modes assume in a single realization of the ensemble of possible universes.
pling between the higher spins and the inflaton [28], in
analogy with the aforementioned vector case; alterna-
tively, one can restrict the analysis to partially massless
higher spin fields [29–33] which, by having particular val-
ues of their masses, present unsuppressed perturbations
on super-Hubble scales for some helicities states [22, 23],
i.e. states with ∆ = 0.
A peculiar phenomenon happens in theories where
higher spin long-lived perturbations are present, namely
the spontaneous generation of a non-trivial expectation
value for those fields leading to a statistical anisotropy
in the correlators, see Fig. 1. This phenomenon was first
described in theories where the U(1) field couples to the
inflaton field, but the mechanism can be generalized to
both higher spins coupled to inflaton and partially mass-
less higher spins. Indeed, as was shown in Refs. [15, 34–
37], the spin-1 perturbations can be rendered constant
on super-Hubble scales by choosing a suitable coupling
to the inflaton I(φ) and constant energy density is stored
into the infrared (IR) quantum mechanical fluctuations
developed in the previous stages of inflation which has
exited the Hubble radius. Those “frozen” perturbations
present a typical amplitude proportional to the square
root of the variance of the field. In the later stages of
inflation those constant modes act, in turn, as a classi-
cal background creating a non-vanishing vacuum expec-
tation value of the vector field corresponding to a single
realization of the first (N−Nk) e-folds of inflation,1 lead-
ing necessarily to a preferential direction and therefore
1 N is the total number of e-folds while Nk is the number of e-folds
before the end of inflation corresponding to the moment when
the comoving scale k−1 exit the comoving Hubble horizon.
breaking of the isotropy. As a result, the power spec-
trum and the higher-order correlators of the curvature
perturbations resulting from interactions with the U(1)
field present a distinct pattern responsible for the gen-
eration of a statistical anisotropy, see also Refs. [38, 39].
Generalizations of this mechanism for higher spin par-
ticles were studied in Refs. [23, 28, 40] within the spe-
cific model where massive higher spin fields are made
effectively massless during inflation by suitable couplings
to the inflaton field. In particular, it was shown there
that the statistical anisotropy imprints in the CMB and
galaxy power spectra from higher spin fields can be de-
tected at the level of a few percents.
In this paper we take a further step towards the quan-
titative analysis of the statistical anisotropies induced by
higher spin fields and analyze their imprint on the pri-
mordial curvature bispectrum. More in general, we study
the template〈
3∏
i=1
ζ~ki
〉
= (2pi)3δ(3)
(
3∑
i=1
~ki
)∑
n
cnBnk1k2k3 ,
Bnk1k2k3 ≡ Pn(kˆ1 · kˆ2)Pζ(k1)Pζ(k2) + 2 perm,
(2)
where Pn is the Legendre polynomials. The theoretical
predictions for the form of the coefficients cn in the case of
spinning particles coupled to the inflaton and for partially
massless fields studied in detail in Ref. [23] are reviewed
in Sec. II. As we will see, higher spin particles induce s+1
nonvanishing coefficients with n even: c0, c2, · · · , c2s−2
and c2s.
Recently, the signatures of cn in diverse cosmic observ-
ables have been widely investigated (see e.g., Refs. [16,
41] for CMB, Refs. [42–49] for the large-scale structure
(LSS), and Ref. [50] for 21-cm fluctuations). Moreover,
3the observational bounds on c0,1,2 have already been ob-
tained via the CMB bispectrum estimation by the Planck
team [4, 51]. On the other hand, these works focus only
on smaller n. In this paper, for the first time the contri-
butions due to nonvanishing cn≥4 to the CMB bispectra
are presented via the extension of the previous study [16]
discussing up to n = 2. The detection of the coefficients
cn in the curvature bispectrum (2) could provide insight
into the inflationary dynamics and particles content dur-
ing inflation, e.g. determining whether higher spin fields
were present in the early stages of the universe.
The paper is organized as follows. In Sec. II we review
and the summarize the results contained in Ref. [23] giv-
ing in detail the theoretical prediction of the bispectrum
in the presence of spinning particles while Sec. III is de-
voted to the detailed analysis and forecast for CMB ex-
periments providing the sensibility to higher spin fields
effects. In Sec. IV we present our conclusions.
II. ANISOTROPIC NON-GAUSSIANITIES
GENERATED FROM HIGHER SPIN FIELDS
In this section and for the convenience of the reader
we summarize the results found in Ref. [23] computing
the angular dependence of the statistical anisotropic cur-
vature bispectrum due to higher spin fields in the early
universe, thus providing a prediction for the coefficients
cn in the bispectrum parametrization (2). As stated in
the introduction, in order to have unsuppressed effects
on the bispectrum from higher spins, one has to rely on
either of the two mechanisms, namely by coupling the
higher spins to the inflaton in a precise manner or by
restricting the analysis to partially massless higher spin
fields. The predictions in the two cases are different, as
we shall see.
We begin by reviewing the results for spin-1 fields cou-
pled to the inflaton through an interaction term of the
form:
L = −I(φ)
4
FµνF
µν . (3)
Working with gauge invariant quantities, one defines the
“electric field”2 as Ei = −a−2
〈
I1/2
〉
A′i where the prime
symbol denotes derivatives with respect to conformal
time. Using the equations of motion, it is straightfor-
ward to check that for a constant I, the contribution of
the electric field is suppressed as Ei ∝ a−2. On the other
hand, if one assume to have a coupling with
〈
I1/2
〉 ∝ a−2,
the electric field is constant. From a dS/CFT3 point of
view this corresponds to super-Hubble electric perturba-
tions with a vanishing conformal dimension ∆E = 0. As a
2 Even though it is customary to borrow the notations from the
theory of electromagnetism, the spin-1 field is not necessarily
identified with the standard model photon field.
result, defining ~Ec = ~E(0)+ ~E
IR where one accounts for a
possible background electric field ~E(0) other than the one
necessarily generated by the IR modes ~EIR, the inflaton-
vector interaction lagrangian expanded in perturbations
contains terms of the form δEiE
i
cζ and (δEi)
2ζ which
give rise to the following bispectrum〈
3∏
i=1
ζ~ki
〉′
= g1| ~Ec|2Pζ(k1)Pζ(k2)(
1− cos2 θkˆ1,Eˆc − cos2 θkˆ2,Eˆc
+ cos θkˆ1,kˆ2 cos θkˆ1,Eˆc cos θkˆ2,Eˆc
)
+2 perm, (4)
where cos θqˆ1,qˆ2 ≡ qˆ1 · qˆ2, the exact value of the coeffi-
cient g1 can be found in Ref. [15], and we have used the
standard notation of indicating the prime the correlators
without the (2pi)3 and the momentum conservation Dirac
delta.
Generalizing this result for higher spin fields, the au-
thors of Ref. [28] showed that there exists a suitable
coupling rendering the higher spin perturbations con-
stant on super-Hubble scales. Following a bottom-up
approach starting from the equations of motion for the
higher spin field, it was found that such a configuration
can be achieved by a coupling of the form:
S ⊃ βsH2
∫
dτd3x
H4τ4
exp (I(φ))Ai1···isA
i1···is . (5)
Indeed, the equation of motion for the dominant mode
of helicity s of the higher spin field is:3
A′′s −
[
2(1− s)
τ
− I ′
]
A′s
+
[
k2 +
M2s /H
2 + s2 − 4s
τ2
+
s(1 + α)
τ
I ′
]
As = 0, (6)
where we have defined M2s = (s + 2)H
2(α − sα − 1)/α,
I(φ(τ)) = ln(−Hτ)/α and α = 1/[2(1 − s)]. This
configuration generates constant perturbations on super-
Hubble scales for the canonically normalized field A¯s =
exp (I(φ)/2)As. Using the isometries of de Sitter space-
time4 and the Operator Product Expansion (OPE) tech-
nique, the form of the statistically anisotropic curvature
3 The mode with helicity λ = s is dominant on super-Hubble scales
since the conformal weight of helicity λ modes is, in general,
∆s = 1− λ− 1/α.
4 The symmetry considerations used are exactly valid in multi-
field models of inflation where the curvature perturbations are
generated by spectator fields (e.g. the curvaton mechanism [52])
and SO(1,4) is an exact symmetry of the action. In single-field
models of inflation, special conformal symmetry is broken and we
expect correction at leading order in the slow-roll parameters.
4bispectrum is found to be [23]:〈
3∏
i=1
ζ~ki
〉′
= gs
〈
A¯i1···is
〉 〈
A¯j1···js
〉
Pζ(k1)Pζ(k2)
Π`1···`si1···is (
~k1)Π
`1···`s
j1···js(
~k2) + 2 perm, (7)
where the projector tensor Πm1···msi1···is (
~k) is defined in terms
of the sum of helicities of the higher spin polarization
tensors, see Appendix A. We assume that the isotropy is
broken by a constant unit vector pˆi (pˆ · pˆ = 1) and the
background generated by the IR modes takes the form〈
A¯i1···is
〉
= A¯0 [pˆi1 · · · pˆis
− 1
2s− 1 (δi1i2 pˆi3 · · · pˆis + perm) + · · ·
]
, (8)
where the ellipsis stands for terms with an higher number
of Kronecker delta which are built by requiring Eq. (8) to
be totally symmetry and traceless. Those terms are omit-
ted for simplicity since they are not relevant in the follow-
ing calculations. It is important to stress that it was as-
sumed that the IR modes select only a single preferential
direction identified by the constant unit vector pˆi. As al-
ready underlined in the introduction, we expect the typ-
ical amplitude of the background field to be proportional
to the square root of the variance A0 ∼ H
√
N −Nk. It
is straightforward to see that combining Eq. (7) with the
formula for the vacuum expectation value (8) for spin-1
gives Eq. (4) up to a normalization constant which the
symmetry considerations combined with the OPE are un-
able to predict.
While the formula (7) is the exact one, for the CMB
analysis the isotropized form∫
d2pˆ
4pi
〈
3∏
i=1
ζ~ki
〉
(9)
is introduced. Using the definitions of the projector ten-
sors (A2), we expand the bispectrum formula and we iso-
late the term containing the vectorial dependences, which
we call Is(pˆ, ~k1,~k2):
Is(pˆ, ~k1,~k2) =
〈
A¯i1···is
〉 〈
A¯j1···js
〉∑
λ1
λ1,i1···is(~k1)
∗`1···`s
λ1
(~k1)∑
λ2
∗λ2,j1···js(
~k2)
`1···`s
λ2
(~k2), (10)
using the fact that the polarization tensor is traceless we
obtain
Is(pˆ, ~k1,~k2) = A¯
2
0 pˆ
i1 · · · pˆis pˆj1 · · · pˆjs∑
λ1
λ1,i1···is(~k1)
∗`1···`s
λ1
(~k1)∑
λ2
∗λ2,j1···js(
~k2)
`1···`s
λ2
(~k2). (11)
Now we perform the angle average over all the possible
directions pˆ by computing5
Is,av(~k1,~k2) =
∫
d2pˆ
4pi
Is(pˆ, ~k1,~k2)
= I0s
∑
λ1λ2
∣∣∣λ1,i1···is(~k1)∗λ2,i1···is(~k2)∣∣∣2
= I0s Π
`1···`s
i1···is (
~k1)Π
`1···`s
i1···is (
~k2), (13)
where I0s = A¯
2
0s!/(2s + 1)!!. The computation of the
helicities sums is easily performed for s = 1 where one
finds:
Π`i(
~k1)Π
`
i(
~k2) = 1 + cos
2 θkˆ1,kˆ2 . (14)
The generalization to spin-s is done by adopting Eq. (A1)
to get:
Π`1···`si1···is (
~k1)Π
`1···`s
i1···is (
~k2)
=
1
2
{
(1 + cos θkˆ1,kˆ2)
2s + (1− cos θkˆ1,kˆ2)2s
}
, (15)
therefore we can write the angle averaged bispectrum as〈
3∏
i=1
ζ~ki
〉′
av
=
1
2
gsI
0
sPζ(k1)Pζ(k2){
(1 + cos θkˆ1,kˆ2)
2s + (1− cos θkˆ1,kˆ2)2s
}
+2 perm. (16)
Now we expand the result using the Legendre polynomi-
als Pn(cos θ) using the standard formulas:
f(θ) =
∑
L≥0
ALPL(cos θ), (17)
with
AL =
2L+ 1
2
∫ pi
0
dθ sin θ f(θ)PL(cos θ). (18)
It is useful to recall the properties of the Legendre poly-
nomials for which:∫ 1
−1
{
(1 + x)2s + (1− x)2s}Pn(x) dx
=
4s+1[Γ(2s+ 1)]2
Γ(2s+ n+ 2)Γ(2s− n+ 1) [n = even], (19)
and ∫ 1
−1
{
(1 + x)2s + (1− x)2s}Pn(x) dx = 0
[n > 2s or n = odd] . (20)
5 In performing the angle average we use the normalization∫
d2pˆ
4pi
pˆipˆj =
1
3
δij , (12)
and the identities in e.g. Ref. [53].
5Finally, we find that the isotropized bispectrum can be
expressed according to the Legendre-type bispectrum
template (2) with
cn =
4sgsI
0
s (2n+ 1)[Γ(2s+ 1)]
2
Γ(2s+ n+ 2)Γ(2s− n+ 1) [n = even],
cn = 0 [n > 2s or n = odd].
(21)
Now we focus the analysis to the case of partially mass-
less fields. As briefly shown in the introduction, the
Higuchi bound implies that higher spin fields perturba-
tions must be suppressed on super-Hubble scales. In case
the spinning particles posses particular values of their
masses, namely
m2 = H2(s2 − s− 2), (22)
there exists an enhanced symmetry which removes
−1, 0,+1 polarization states. One can show that in this
case the spinning particle possesses ∆ = 0 allowing for
the existence of long-lived spin-s perturbations. The
angle-averaged bispectrum takes the form [23]:
〈
3∏
i=1
ζ~ki
〉′
av
= gPMs I
0
sPζ(k1)Pζ(k2)Πs + 2 perm, (23)
where
Πs =
∑
λ1λ2 6=0,±1
ds|λ1|ds|λ2|
∣∣∣λ1,i1···is(~k1)∗λ2,i1···is(~k2)∣∣∣2,
(24)
The constants ds|λ| (with dss = 1) represent the mix-
ing of the various helicities into the partial massless field
and they arise due to different vacuum expectation val-
ues of its corresponding s − 2 helicity components. For
the lowest non-trivial case s = 3 we find
Π3 = 1 + 15x
2 + 15x4 + x6 + 18d32(1 + 5x
2 − 5x4 − x6)
+9d232(4− 15x2 + 10x4 + 9x6), (25)
with x = cos θkˆ1,kˆ2 , from where one can compute the
coefficients cn entering into Eq. (2) to get
c0 =
16
7
(2 + 3d32)
2gPMs I
0
s ,
c2 =
400
21
gPMs I
0
s ,
c4 =
72
77
(2− 7d32)2gPMs I0s ,
c6 =
16
231
(1− 9d32)2gPMs I0s ,
cn = 0 [n 6= 0, 2, 4, 6].
(26)
Similarly for s = 4 we find
Π4 = 1 + 28x
2 + 70x4 + 28x6 + x8
+288d42(1 + 4x
2 − 10x4 + 4x6 + x8)
+16d43(1 + 14x
2 − 14x6 − x8)
+576d242(1 + 6x
2 − 11x4 − 24x6 + 36x8)
+576d43d42(1− 7x2 + 15x4 − 5x6 − 4x8)
+512d243, (27)
and the coefficients cn of Eq. (2) are given in terms of
the two parameters d43, d42 as
c0 =
256
315
{
972d242 + 360d42(1 + d43)
+ 35(1 + 2d43 + 18d
2
43)
}
gPMs I
0
s ,
c2 =
512
693
{
648d242 + 49(2 + d43)
− 72d42(4 + d43)
}
gPMs I
0
s ,
c4 =
512
5005
{
245 + 11763d242 − 735d43
+ 990d42(−2 + 3d43)
}
gPMs I
0
s ,
c6 =
512
3465
{
14 + 11664d242 − 119d43
− 198d42(−4 + 17d43)
}
gPMs I
0
s ,
c8 =
128
6435
(1 + 144d42)
(1 + 144d42 − 16d43)gPMs I0s ,
cn =0 [n 6= 0, 2, 4, 6, 8].
(28)
Figure 2 shows the intensity distributions of the cur-
vature bispectrum Bnk1k2k3 , given by Eq. (2), in k-space
tetrahedral domain for n = 0, 2, 4, 6, 8, 10. We confirm
from this that Bn≥2k1k2k3 has a strong signal in the squeezed
configurations (k1 ≈ k2  k3, k2 ≈ k3  k1 and
k3 ≈ k1  k2) and is richer in intensity variation than
Bn=0k1k2k3 as it can be inferred from the color code. The
latter feature reflects the peculiar angular dependence of
Eq. (2) for higher n. As shown in the next section, these
features are directly imprinted in the CMB bispectra.
III. IMPRINTS IN THE CMB BISPECTRA
In this section we examine the distinctive signatures
of the anisotropic non-Gaussianities due to spinning par-
ticles in the CMB bispectra 〈a`1m1a`2m2a`3m3〉, where
the CMB multipole coefficients are given by a`m =∫
d2nˆ Y ∗`m(nˆ)T (nˆ), and estimate the detectability of
them.
6Bn=0k1k2k3 or B
f localNL
k1k2k3
Bn=2k1k2k3 Bn=4k1k2k3
Bn=6k1k2k3 Bn=8k1k2k3 Bn=10k1k2k3
FIG. 2. Intensity distributions of the primordial curvature bispectra Bn=0,2,4,6,8,10k1k2k3 in the k-space tetrahedral domain, where
the axes correspond to k1r∗, k2r∗ and k3r∗, respectively, with r∗ the conformal distance from the last-scattering surface. To
highlight the dominant configurations, the bispectrum shapes are rescaled using k−21 k
−2
2 k
−2
3 . Dense red (blue) color represents
larger positive (negative) signal.
A. Angle-averaged analysis
As shown in Sec. II, the curvature bispectrum induced
from higher spin fields depends on a peculiar direction pˆ.
This can induce the nonvanishing signal not only inside
but also outside the triangular condition |`2− `3| ≤ `1 ≤
`2 + `3 [55, 56]. The comprehensive analysis including
the latter signal is what one should aim for, however,
the vastness of the multipole domain that one then has
to consider makes it unfeasible. We therefore focus on
the former signal alone by using the usual angle-averaged
bispectrum form:
B`1`2`3 =
∑
m1m2m3
(
`1 `2 `3
m1 m2 m3
)〈 3∏
i=1
a`imi
〉
. (29)
This is mathematically equivalent to the CMB bispec-
trum computed from the “isotropized” curvature bispec-
trum given by Eqs. (2), (21), (26) and (28). In the fol-
lowing, we compute this CMB bispectrum following the
methodology in Refs. [16, 57, 58].
The CMB coefficients computed from the primordial
curvature perturbation are expressed as
a`m = 4pi(−i)`
∫
d3~k
(2pi)3
T`(k)ζ~kY ∗`m(kˆ). (30)
The angle-averaged CMB bispectrum sourced from
Eq. (2) is therefore given by B`1`2`3 =
∑
n cnB
n
`1`2`3
with
Bn`1`2`3 =
∑
m1m2m3
(
`1 `2 `3
m1 m2 m3
)
 3∏
j=1
(−i)`j
pi
∫
d3~kjT`j (kj)Y ∗`jmj (kˆj)
 δ(3)( 3∑
i=1
~ki
)
[
Pn(kˆ1 · kˆ2)Pζ(k1)Pζ(k2) + 2 perm
]
, (31)
where T`(k) is the scalar-mode temperature transfer func-
tion. It is then convenient to decompose the kˆ-dependent
parts into the spherical harmonics by use of the identities:
Pn(kˆ1 · kˆ2) = 4pi
2n+ 1
∑
m
Y ∗nm(kˆ1)Ynm(kˆ2), (32)
and
δ(3)
(
3∑
i=1
~ki
)
= 8
∫ ∞
0
r2dr[
3∏
i=1
∑
LiMi
jLi(kir)Y
∗
LiMi(kˆi)
]
(−1)L1+L2+L32 hL1L2L3
(
L1 L2 L3
M1 M2 M3
)
, (33)
7bn=0`1`2`3 or b
f localNL
`1`2`3
bn=2`1`2`3 b
n=4
`1`2`3
bn=6`1`2`3 b
n=8
`1`2`3
bn=10`1`2`3
FIG. 3. Intensity distributions of the CMB bispectra bn=0,2,4,6,8,10`1`2`3 in the `-space tetrahedral domain where the axes correspond
to `1, `2 and `3, respectively. For highlighting the dominant configurations, the bispectrum shapes are rescaled using a constant
Sachs-Wolfe template [54]. Dense red (blue) color represents larger positive (negative) signal.
where
h`1`2`3 ≡
√
(2`1 + 1)(2`2 + 1)(2`3 + 1)
4pi
(
`1 `2 `3
0 0 0
)
.
(34)
After performing the angular kˆ integrals of the products
of the spherical harmonics and the additions of the in-
duced angular momenta by use of the identities:
∫
d2kˆ
2∏
i=1
Y ∗`imi(kˆ) = (−1)m1δ`1,`2δm1,−m2 , (35)∫
d2kˆ
3∏
i=1
Y ∗`imi(kˆ) = h`1`2`3
(
`1 `2 `3
m1 m2 m3
)
, (36)
and
∑
m4m5m6
(−1)
∑6
i=4(`i−mi)
(
`5 `1 `6
m5 −m1 −m6
)
(
`6 `2 `4
m6 −m2 −m4
)(
`4 `3 `5
m4 −m3 −m5
)
=
(
`1 `2 `3
m1 m2 m3
){
`1 `2 `3
`4 `5 `6
}
, (37)
we obtain the simple expression found in Ref. [16], read-
ing
Bn`1`2`3 =
∫ ∞
0
r2dr
[
3∏
i=1
∑
Li
(−1) `i+Li2
]
hL1L2L3
β`1L1(r)β`2L2(r)α`3(r)
4pi
2n+ 1
h`1L1nh`2L2n
(−1)`2+L1δL3,`3
{
`1 `2 `3
L2 L1 n
}
+ 2 perm,(38)
where
α`(r) ≡ 2
pi
∫ ∞
0
k2dkT`(k)j`(kr), (39)
β`L(r) ≡ 2
pi
∫ ∞
0
k2dkPζ(k)T`(k)jL(kr). (40)
Figure 3 describes the intensity distributions of the
reduced bispectra bn`1`2`3 ≡ Bn`1`2`3/h`1`2`3 in `-space
tetrahedral domain for n = 0, 2, 4, 6, 8, 10. The signal
is peaked around the squeezed configurations (`1 ≈ `2 
`3, `2 ≈ `3  `1 and `3 ≈ `1  `2). This is due to
the squeezed-limit magnification of the curvature bispec-
tra confirmed from Fig. 2. As seen in the next subsec-
tion, this fact enhances the detectability of cn. More-
over, as expected from Fig. 2, the rich intensity varia-
tion of bn≥2`1`2`3 around the squeezed configurations is also
confirmed. Actually, the correlation between bn≥2`1`2`3 and
bn=0`1`2`3 is . 10%, indicating the difference in shape. Note
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∆
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FIG. 4. Expected 1σ errors on c0,2,4,6,8,10 as a function of
`max. The solid and dashed lines are computed using the
exact expression (38) and the SW formula (41), respectively.
The results for n = 2 are consistent with those obtained in
Ref. [16].
that the intensity variations in the configurations (ex-
cept the squeezed ones) observed here (but unobserved
in Fig. 2) are mainly caused by the acoustic oscillations at
the recombination epoch. Such configurations though do
not give a major contribute to the signal-to-noise ratio.
Because of the existence of the r integrals, especially
for higher n, Eq. (38) requires unfeasibly massive com-
putational cost. For cost savings, we also use the Sachs-
Wolfe (SW) approximation: T`(k) ≈ − 15j`(kr∗) with r∗
the conformal distance from the last-scattering surface,
leading to [16]
Bn,SW`1`2`3 = −
1
5
[
3∏
i=1
∑
Li
(−1) `i+Li2
]
hL1L2L3β
SW
`1L1β
SW
`2L2
4pi
2n+ 1
h`1L1nh`2L2n(−1)`2+L1δL3,`3{
`1 `2 `3
L2 L1 n
}
+ 2 perm, (41)
with
βSW`L ≡ −
pi2
10
P Γ
(
`+L
2
)
Γ
(
`−L+3
2
)
Γ
(−`+L+3
2
)
Γ
(
`+L+4
2
) .(42)
To derive this, Pζ(k) = 2pi
2Pk−3 has been assumed.
B. Sensitivity to cn
For the forecast analysis, we assume the measurement
of very weak NG signal. The covariance of the bispec-
trum can then be approximately expressed with the prod-
uct of the angular power spectra C`; thus, the Fisher
101 102
n ( =even)
102
103
104
105
106
∆
c n
`max =100
`max =200
FIG. 5. Expected 1σ errors on cn=even at `max = 100 and 200
as a function of n. These lines are estimated using the SW
formula (41).
matrix for cn reads
Fn =
`max∑
`1,`2,`3=2
(Bn`1`2`3)
2
6C`1C`2C`3
. (43)
We here assume a full-sky cosmic-variance-limited-level
(CVL-level) measurement, so C` does not contain any
specific instrumental information. The expected 1σ error
on cn is then computed according to ∆cn = 1/
√
Fn.
Figure 4 shows ∆c0,2,4,6,8,10 as a function of `max. It
is confirmed that, even for higher n, ∆cn roughly fol-
lows the scaling relation expected in the squeezed-type
NG case, i.e., ∆cn ∝ `−1max(ln `max)−1/2 [16, 58, 59]. The
consistency between the solid line and the dashed one for
each n that is observed here shows the validity of the use
of the SW approximation. This figure also indicates that,
at any fixed `max, ∆cn is an increasing function of n. This
is confirmed from Fig. 5 that draws ∆cn(`max = 100)
and ∆cn(`max = 200) as a function of n computed from
the SW formula (41). We here find a scaling relation as
∆cn ∝ n2. From the above estimates, we can expect that
∆cn behaves like
∆cn ∼ 2n2
(
2000
`max
)(
ln
`max
2000
)−1/2
[n ≥ 2 and n = even].
(44)
This result indicates, for instance, that a c2 as large as
∼ 10 is measurable using the CMB bispectrum. From
Planck data a null signal has been detected with a com-
parable accuracy [4, 51]. This may be further improved
if the small-scale data of density fluctuations becomes
reachable by future surveys of galaxies [42, 43, 45, 47, 49]
9and the 21-cm anisotropies [50].6
IV. CONCLUSIONS
Higher spin fields may have been present during a pe-
riod of primordial inflation. If they also happened to be
quantum-mechanically excited with long-living perturba-
tions on scales larger than the Hubble radius, they may
have left an imprint on the curvature perturbations and
consequently on the CMB anisotropy and LSS. In this pa-
per we have extended the previous analysis on the impact
of higher spin fields on the power spectra of CMB and
LSS [40] by studying the statistical anisotropy imprinted
in the CMB bispectrum. Our findings are summarized by
the forecast in Eq. (44) where we stress that the errors
on the coefficients cn≥4 have been obtained for the first
time. It would be also nice to investigate the impact of
higher spin fields within the so-called Vasiliev construc-
tion [60] which comes with an infinite tower of massless
higher spin states.
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Appendix A: Higher spin polarization tensors and projectors
In this appendix we review the higher spin projector tensors which were explicitly constructed in Ref. [23]. The
polarization tensors of higher spin fields (λ indices the various polarizations) are
i1···isλ (~k) =
∑
λ1,··· ,λs=±1
δλ1+···+λs,λ
√
2s(s+ λ)!(s− λ)!
(2s)!
∏s
i=1(1 + λi)!(1− λi)!
s∏
j=1

ij
λj
(~k),
∗i1···isλ (~k) =
∑
λ1,··· ,λs=±1
δλ1+···+λs,λ
√
2s(s+ λ)!(s− λ)!
(2s)!
∏s
i=1(1 + λi)!(1− λi)!
s∏
j=1

∗ij
λj
(~k),
(A1)
which are written in terms of the polarization tensors for a spin-1 field iλ(
~k). Clearly, the polarization tensors λi1···is(
~k)
are totally symmetric, traceless and satisfy ki1λi1···is(
~k) = 0. The projector tensor in d dimensions can be defined as:
Πi1···isj1···js(~k) ≡
∑
λ
i1···isλ (~k)
∗j1···js
λ (
~k). (A2)
It was shown that it can be expressed in terms of the spin-1 projector tensor Πij(~k) ≡ δij − kikj/k2:
Πi1···isj1···js(~k) =
(
1
s!
) ∑
P (i)P (j)
r≤ s2∑
r=0
C(s, r)Πi1i2Πj1j2 · · ·Πi2r−1i2rΠj2r−1j2r
s∏
n=2r+1
Πinjn
 , (A3)
where the symbol P (l) identify permutations of the index l. The coefficients determining Eq. (A3) are:
C(s, r) = −
{
C(s, r − 1)A(s, r − 1)A(s− 2, r − 1)[s− 2(r − 1)]!
A(s, r)(s− 2r)! [A(s, r)−A(s− 2, r) + (d− 2)A(s− 2, r − 1)]
}
, C(s, 0) = 1, (A4)
where one has defined an “ad hoc” function A(m,n):
A(m,n) =
(
m
2
)(
m− 2
2
)
· · ·
(
m− 2(n− 1)
2
)
,
A(m,n) = 0 [n < 0], A(m,n) = 1 [n = 0], A(m,n) = 0 [m < 2n].
(A5)
6 For instance, Ref. [49] recently reported encouraging results on
the detectability of signals in the galaxy bispectrum measure-
ments of higher spin fields up to s = 4 and within the effective
field theory approach.
10
[1] D. H. Lyth and A. Riotto, Phys. Rept. 314, 1 (1999),
arXiv:hep-ph/9807278 [hep-ph].
[2] N. Bartolo, E. Komatsu, S. Matarrese, and A. Riotto,
Phys. Rept. 402, 103 (2004), arXiv:astro-ph/0406398
[astro-ph].
[3] X. Chen, Adv. Astron. 2010, 638979 (2010),
arXiv:1002.1416 [astro-ph.CO].
[4] P. A. R. Ade et al. (Planck), Astron. Astrophys. 594,
A17 (2016), arXiv:1502.01592 [astro-ph.CO].
[5] P. A. R. Ade et al. (Planck), Astron. Astrophys. 594,
A20 (2016), arXiv:1502.02114 [astro-ph.CO].
[6] X. Chen and Y. Wang, Phys. Rev. D81, 063511 (2010),
arXiv:0909.0496 [astro-ph.CO].
[7] X. Chen and Y. Wang, JCAP 1004, 027 (2010),
arXiv:0911.3380 [hep-th].
[8] N. Arkani-Hamed and J. Maldacena, (2015),
arXiv:1503.08043 [hep-th].
[9] C. T. Byrnes and K.-Y. Choi, Adv. Astron. 2010, 724525
(2010), arXiv:1002.3110 [astro-ph.CO].
[10] D. Baumann and D. Green, Phys. Rev. D85, 103520
(2012), arXiv:1109.0292 [hep-th].
[11] T. Noumi, M. Yamaguchi, and D. Yokoyama, Journal of
High Energy Physics 2013, 51 (2013).
[12] A. Kehagias and A. Riotto, Fortsch. Phys. 63, 531 (2015),
arXiv:1501.03515 [hep-th].
[13] E. Dimastrogiovanni, M. Fasiello, and
M. Kamionkowski, JCAP 1602, 017 (2016),
arXiv:1504.05993 [astro-ph.CO].
[14] N. Barnaby, R. Namba, and M. Peloso, Phys. Rev. D85,
123523 (2012), arXiv:1202.1469 [astro-ph.CO].
[15] N. Bartolo, S. Matarrese, M. Peloso, and A. Ricciardone,
Phys. Rev. D87, 023504 (2013), arXiv:1210.3257 [astro-
ph.CO].
[16] M. Shiraishi, E. Komatsu, M. Peloso, and N. Barnaby,
JCAP 1305, 002 (2013), arXiv:1302.3056 [astro-ph.CO].
[17] N. Bartolo, S. Matarrese, M. Peloso, and M. Shi-
raishi, JCAP 1507, 039 (2015), arXiv:1505.02193 [astro-
ph.CO].
[18] S. Endlich, A. Nicolis, and J. Wang, JCAP 1310, 011
(2013), arXiv:1210.0569 [hep-th].
[19] M. Shiraishi, D. Nitta, S. Yokoyama, and K. Ichiki,
JCAP 1203, 041 (2012), arXiv:1201.0376 [astro-ph.CO].
[20] M. Shiraishi, JCAP 1206, 015 (2012), arXiv:1202.2847
[astro-ph.CO].
[21] H. Lee, D. Baumann, and G. L. Pimentel, JHEP 12, 040
(2016), arXiv:1607.03735 [hep-th].
[22] D. Baumann, G. Goon, H. Lee, and G. L. Pimentel,
(2017), arXiv:1712.06624 [hep-th].
[23] G. Franciolini, A. Kehagias, and A. Riotto, (2017),
arXiv:1712.06626 [hep-th].
[24] A. Strominger, JHEP 10, 034 (2001), arXiv:hep-
th/0106113 [hep-th].
[25] A. Higuchi, Nucl. Phys. B282, 397 (1987).
[26] L. Bordin, P. Creminelli, M. Mirbabayi, and J. Norea,
JCAP 1609, 041 (2016), arXiv:1605.08424 [astro-
ph.CO].
[27] A. Kehagias and A. Riotto, Fortsch. Phys. 65, 1700023
(2017), arXiv:1701.05462 [hep-th].
[28] A. Kehagias and A. Riotto, JCAP 1707, 046 (2017),
arXiv:1705.05834 [hep-th].
[29] S. Deser and R. I. Nepomechie, Annals Phys. 154, 396
(1984).
[30] S. Deser and R. I. Nepomechie, Phys. Lett. 132B, 321
(1983).
[31] S. Deser and A. Waldron, Phys. Rev. Lett. 87, 031601
(2001), arXiv:hep-th/0102166 [hep-th].
[32] S. Deser and A. Waldron, Nucl. Phys. B607, 577 (2001),
arXiv:hep-th/0103198 [hep-th].
[33] S. Deser and A. Waldron, Nucl. Phys. B662, 379 (2003),
arXiv:hep-th/0301068 [hep-th].
[34] B. Ratra, Astrophys. J. 391, L1 (1992).
[35] J. Martin and J. Yokoyama, JCAP 0801, 025 (2008),
arXiv:0711.4307 [astro-ph].
[36] V. Demozzi, V. Mukhanov, and H. Rubinstein, JCAP
0908, 025 (2009), arXiv:0907.1030 [astro-ph.CO].
[37] M. Biagetti, A. Kehagias, E. Morgante, H. Perrier, and
A. Riotto, JCAP 1307, 030 (2013), arXiv:1304.7785
[astro-ph.CO].
[38] M.-a. Watanabe, S. Kanno, and J. Soda, Prog. Theor.
Phys. 123, 1041 (2010), arXiv:1003.0056 [astro-ph.CO].
[39] J. Soda, Class. Quant. Grav. 29, 083001 (2012),
arXiv:1201.6434 [hep-th].
[40] N. Bartolo, A. Kehagias, M. Liguori, A. Riotto, M. Shi-
raishi, and V. Tansella, Phys. Rev. D97, 023503 (2018),
arXiv:1709.05695 [astro-ph.CO].
[41] M. Shiraishi, N. Bartolo, and M. Liguori, JCAP 1610,
015 (2016), arXiv:1607.01363 [astro-ph.CO].
[42] J. Byun and R. Bean, JCAP 1503, 019 (2015),
arXiv:1409.5440 [astro-ph.CO].
[43] A. Raccanelli, M. Shiraishi, N. Bartolo, D. Bertacca,
M. Liguori, S. Matarrese, R. P. Norris, and D. Parkin-
son, Phys. Dark Univ. 15, 35 (2017), arXiv:1507.05903
[astro-ph.CO].
[44] V. Assassi, D. Baumann, E. Pajer, Y. Welling,
and D. van der Woude, JCAP 1511, 024 (2015),
arXiv:1505.06668 [astro-ph.CO].
[45] F. Schmidt, N. E. Chisari, and C. Dvorkin, JCAP 1510,
032 (2015), arXiv:1506.02671 [astro-ph.CO].
[46] V. Assassi, D. Baumann, and F. Schmidt, JCAP 1512,
043 (2015), arXiv:1510.03723 [astro-ph.CO].
[47] N. E. Chisari, C. Dvorkin, F. Schmidt, and D. Spergel,
Phys. Rev. D94, 123507 (2016), arXiv:1607.05232 [astro-
ph.CO].
[48] A. Moradinezhad Dizgah and C. Dvorkin, JCAP 1801,
010 (2018), arXiv:1708.06473 [astro-ph.CO].
[49] A. Moradinezhad Dizgah, H. Lee, J. B. Muoz, and
C. Dvorkin, (2018), arXiv:1801.07265 [astro-ph.CO].
[50] J. B. Muoz, Y. Ali-Hamoud, and M. Kamionkowski,
Phys. Rev. D92, 083508 (2015), arXiv:1506.04152 [astro-
ph.CO].
[51] P. A. R. Ade et al. (Planck), Astron. Astrophys. 571,
A24 (2014), arXiv:1303.5084 [astro-ph.CO].
[52] D. H. Lyth and D. Wands, Phys. Lett. B524, 5 (2002),
arXiv:hep-ph/0110002 [hep-ph].
[53] J.-H. Ee, D.-W. Jung, U.-R. Kim, and J. Lee, Eur. J.
Phys. 38, 025801 (2017), arXiv:1701.04549 [math-ph].
[54] J. R. Fergusson, M. Liguori, and E. P. S. Shellard,
Phys. Rev. D82, 023502 (2010), arXiv:0912.5516 [astro-
ph.CO].
[55] M. Shiraishi and S. Yokoyama, Prog. Theor. Phys. 126,
923 (2011), arXiv:1107.0682 [astro-ph.CO].
[56] N. Bartolo, E. Dimastrogiovanni, M. Liguori, S. Matar-
11
rese, and A. Riotto, JCAP 1201, 029 (2012),
arXiv:1107.4304 [astro-ph.CO].
[57] M. Shiraishi, S. Yokoyama, K. Ichiki, and K. Takahashi,
Phys. Rev. D82, 103505 (2010), arXiv:1003.2096 [astro-
ph.CO].
[58] M. Shiraishi, D. Nitta, S. Yokoyama, K. Ichiki, and
K. Takahashi, Prog. Theor. Phys. 125, 795 (2011),
arXiv:1012.1079 [astro-ph.CO].
[59] E. Komatsu and D. N. Spergel, Phys. Rev. D63, 063002
(2001), arXiv:astro-ph/0005036 [astro-ph].
[60] M. A. Vasiliev, Phys. Lett. B243, 378 (1990).
